A chromosome-encoded ␤-lactamase gene from a Shewanella oneidensis reference strain was cloned and expressed in Escherichia coli. It encoded a carbapenem-hydrolyzing Ambler class D ␤-lactamase, OXA-54, that shared 92% amino acid identity with the plasmid-encoded carbapenem-hydrolyzing oxacillinase OXA-48 from Klebsiella pneumoniae. This work suggests that Shewanella spp. may produce the progenitor of oxacillinases compromising the efficacy of imipenem in clinically relevant gram-negative pathogens.
Several carbapenem-hydrolyzing oxacillinases have been characterized recently, mostly from Acinetobacter baumannii isolates (14, 19) . These Ambler class D ␤-lactamases that possess a weak activity against imipenem are divided into a first group, made of OXA-24, OXA-25, OXA-26, and OXA-40, which differ by a few amino acid substitutions (1, 4, 10) , and a second group of enzymes, consisting of OXA-23 and OXA-27, that share 99% amino acid identity (3, 6, 15) , with the two groups of oxacillinases sharing only 60% identity. Recently we have characterized ␤-lactamase OXA-48 from a Klebsiella pneumoniae isolate that was resistant to all ␤-lactams including carbapenems (16) . This oxacillinase had a strong activity against imipenem, and its gene was not part of a class 1 integron as most oxacillinase genes are but was plasmid located downstream of the insertion sequence element, IS1999 (16) . The ␤-lactamase OXA-48 was weakly related to class D ␤-lactamases, with less than 46% amino acid identity with any other oxacillinases.
The entire genome sequence analysis of Shewanella oneidensis strain MR-1 (a ca. 5-Mb chromosome and a ca. 160-kb plasmid) was published recently (9) (GenBank accession no. AE014299). In silico analysis of the chromosome sequence of this bacterial strain identified an open reading frame that shared 84% nucleotide identity with that of bla . Thus, we have cloned the corresponding gene and characterized biochemically this protein in order to look for its ability to hydrolyze ␤-lactams, including carbapenems.
S. oneidensis MR-1 had been isolated from a lake sediment and was previously named Shewanella putrefaciens (21) . Escherichia coli reference strain DH10B and plasmid pCR-Blunt II-TOPO (Invitrogen, Life Technologies, Cergy-Pontoise, France) were used for cloning and expression experiments. Whole-cell DNA of S. oneidensis MR-1 was extracted as described previously (18) . The PCR experiment was performed using primers PREOXA-54A (5Ј-GGCGATGGCAAACGAA TGGC-3Ј) and PREOXA-54B (5Ј-GTGATGGCTTGACGTA GCCC-3Ј), designed from the DNA sequence of S. oneidensis MR-1 in the databases to amplify by PCR the entire ␤-lactamase gene. The corresponding 820-bp PCR product was subsequently cloned into the kanamycin-resistant plasmid pCRBlunt II-TOPO (Invitrogen, Life Technologies), giving rise to the recombinant plasmid pSON-1, and transformed in E. coli DH10B, as recommended by the manufacturer. Selection was performed on Mueller-Hinton plates containing 50 g of amoxicillin and 30 g of kanamycin per ml. Once cloned, the PCR product was sequenced on both strands as described previously (17) , and the oxacillinase gene sequence revealed total identity with that found in the databases corresponding to S. oneidensis MR-1. Antibiogram obtained by disk diffusion was performed with E. coli DH10B harboring plasmid pSON-1. Results suggested that the cloned gene encoded a functional ␤-lactamase named OXA-54. Susceptibility testing of S. oneidensis MR-1 was performed at 30°C on bloodcontaining trypticase soy agar plates, as recommended (8), with the E-test technique (inoculum MacFarland 1, incubation for 24 h at 20°C; AB Biodisk, Solna, Sweden), since this species is unable to grow on Mueller-Hinton-containing plates. S. oneidensis MR-1 was susceptible to all ␤-lactams (Table 1) . Specific activity measured with a culture extract of S. oneidensis MR-1 obtained as described previously (2) and a 100 M concentration of imipenem as the substrate revealed that this strain hydrolyzed imipenem significantly (2.1 mU ⅐ mg of protein Ϫ1 ). Using subinhibitory concentrations of imipenem and cefoxitin as inducers as previously described (20), we were unable to demonstrate any induction of OXA-54 production from S. oneidensis MR-1 (data not shown).
E. coli DH10B (pSON-1) gave an oxacillinase phenotype, conferring resistance to penicillins that was unchanged after clavulanic acid addition and a reduced susceptibility to cephalothin and sparing expanded-spectrum cephalosporins. MICs were determined by an agar dilution technique as previously reported (18), and results were interpreted according to the guidelines of the National Committee for Clinical Laboratory Standards (13) . The MIC of imipenem was 1 g/ml for E. coli DH10B (pSON-1), indicating that the ␤-lactamase OXA-54 was able to hydrolyze imipenem (Table 1) .
Isoelectric focusing analysis revealed that E. coli DH10B (pSON-1) produced a ␤-lactamase with a pI of 6.8. Purification of the ␤-lactamase OXA-54 was performed with a culture of E. coli DH10B harboring recombinant plasmid pSON-1, as described previously (10) . Briefly, the culture extracts were subjected to two purification steps, including use of ion-exchange chromatography. First, we used a Q-Sepharose column and a 20 mM Tris-HCl buffer (pH 9.0), and the enzyme was recovered in the flow-through. Then, this extract was loaded on an S-Sepharose column preequilibrated with 100 mM sodium phosphate buffer (pH 5.8) and ␤-lactamase was eluted with a linear K 2 SO 4 gradient in order to prevent potential inhibitory activity of NaCl.
After purification from culture extracts of E. coli DH10B (pSON-1), the specific activity of the ␤-lactamase OXA-54 against cephalothin was determined to be 1 U/mg of protein, and its purification factor was 75-fold (with 1 U of enzyme activity being defined as the activity that hydrolyzed 1 mol of cephalothin per min). Protein purity was estimated to be Ͼ95% by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis (data not shown). The ␤-lactamase OXA-54 had a broad-spectrum hydrolysis profile, including penicillins, cephalothin, cefpirome, and imipenem and to a lesser extend cefuroxime, cefotaxime, and cefepime (Table  2) . Catalytic activity (k cat /K m ) of OXA-54 for imipenem was similar to that reported for OXA-48 (0.250 versus and 0.145 mM Ϫ1 ⅐ s Ϫ1 , respectively) ( Table 2) , and 20-fold higher than that reported for the carbapenem-hydrolyzing ␤-lactamase OXA-40 (10). Hydrolysis of meropenem was at a low level, as observed for the other carbapenem-hydrolyzing oxacillinases (1, 10). OXA-54 did not hydrolyze ceftazidime and aztreonam, whereas hydrolysis of cefotaxime and cefepime was detected at low levels ( Table 2) . Oxacillin was well hydrolyzed by OXA-54, as reported for OXA-48, whereas this substrate is weakly hydrolyzed by the other carbapenem-hydrolyzing oxacillinases (Table 2 ). Activity inhibition measured by determination of 50% inhibitory concentrations after 3 min of preincubation with the inhibitor showed that OXA-54 was weakly inhibited by clavulanic acid (50 M), tazobactam (2 M), and sulbactam (150 M), as reported for most of the oxacillinases (12) . OXA-54 activity was inhibited by NaCl (50% inhibitory concentration, 11 mM), as observed for other oxacillinases except for those that have an FGN motif at class D ␤-lactamase positions 144 to 146 (DBL 144 to 146), i.e., most of the carbapenemhydrolyzing oxacillinases (1, 3, 10) .
A detailed analysis of the amino acid sequence of ␤-lactamase OXA-54 did not identify specific residues that may be shared only by carbapenem-hydrolyzing oxacillinases (Fig. 1) . The S-T-F-K tetrad was found at positions 70 to 73 (DBL numbering [5] ), and the other structural elements characteristic of Ambler class D ␤-lactamases were found also ( Fig. 1)  (10, 11) . The typical motif YGN of oxacillinases was found at positions DBL 144 to 146, and the SVV motif was found at positions DBL 118 to 120. OXA-54 shared 92% amino acid identity with OXA-48 ( Fig. 1) but is weakly related to other oxacillinases, sharing 47, 36, 33, and 21% amino acid identity with OXA-10, OXA-23 and OXA-27, OXA-24, OXA-25, OXA-26, and OXA-40 group, and OXA-1, respectively (data not shown).
Since the insertion sequence IS1999 was found upstream of the plasmid-located bla OXA-48 gene in K. pneumoniae 11978 (16) , PCR experiments using whole-cell DNA of S. oneidensis MR-1 as the template and primers located inside the IS1999 genes, respectively, did not share nucleotide identity. However further downstream, the 252 bp of the 3Ј end of a gene encoding a putative LysR-type transcriptional regulator (9) was found in S. oneidensis. This 252-bp sequence shared 88% nucleotide identity with the sequence located further downstream of bla .
Conclusion. This study demonstrates that a gram-negative facultative aerobe, S. oneidensis, which is an environmental species, may be a source of carbapenem-hydrolyzing oxacillinases. Interestingly, the finding of this ␤-lactamase in this species was unexpected according to phenotype analysis of its antibiotic susceptibility pattern. This is the first characterization of a potential reservoir of carbapenem-hydrolyzing oxacillinases, whereas acquired carbapenem-hydrolyzing oxacillinases are reported increasingly in clinically relevant gram-negative species such as A. baumannii (14) . The bla OXA-54 gene was not part of an integron in S. oneidensis, whereas a gene encoding an IntI-like tyrosine recombinase acting as an integron integrase has been detected in the genome of S. oneidensis MR-1 (7).
